The incorporation of "4C-labelled myristic, palmitic, stearic, oleic and linoleic acids in vitro into the lipids of bovine spermatozoa was measured at intervals from 2min to 2h. All acids were rapidly incorporated into diglycerides, myristic acid being metabolized to the greatest extent. Whereas the low incorporation of acids into total phospholipids reflected the relative stability of the major phospholipid fractions in sperm, the minor phospholipids, particularly phosphatidylinositol, showed comparatively high metabolic activity. Although, in general, saturated acids were incorporated more actively than unsaturated substrates, stearic acid was poorly incorporated into all lipids except phosphatidylinositol. In regard to fatty acid composition of sperm lipids it was notable that diglycerides contained myristic acid as the major component, and this acid was also a prominent moiety of phosphatidylinositol. Docosahexaenoic acid was the principal fatty acid of the major phospholipid classes. These findings have been discussed in relation to the role of lipids in the metabolism of spermatozoa.
Fatty acids appear to play an important role in the metabolism of spermatozoa. Endogenous fatty acids derived from plasmalogenic phospholipids, for example, have been shown to support the respiration of ovine spermatozoa in the absence of glycolytic substrates (Hartree & Mann, 1961) , and exogenous fatty acids are also oxidized by sperm (Flispe, 1960; Mills & Scott, 1968; Payne & Masters, 1970) . Of greater metabolic signifcance than this latter process, however, may be the active incorporation of these acids into the acyl moieties of spermatozoal lipids. Whereas diglycerides incorporate long-chain fatty acids most actively, it has been suggested that phospholipids play a major role in the initial uptake of these components (Payne & Masters, 1970) .
The present study was undertaken to enable a definition and evaluation of the rate of incorporation of fatty acids into the individual lipids of bovine spermatozoa. Of the phospholipid components, phosphatidylinositol was found to have an especially high incorporation, and the significance of this finding has been discussed in relation to the composition and metabolism of spermatozoal lipids. Some of the work included in this paper has been reported in brief by Neill & Masters (1971 
Methods
Incubations. Samples (1 ml) of freshly ejaculated bovine semen (1.4 x 109 to 1.6 x 109 spermatozoa/ml) were incubated under aerobic conditions at 32°C with 1 ml of Krebs-Ringer phosphate buffer, pH7.4 (Ca2+ free; Umbreit et al., 1964) containing 3% (w/v) bovine serum albumin, 0.1 ml (0.5,uCi) of 14C-labelled fatty acid solubilized in Krebs-Ringer phosphate albumin buffer, pH7.4, by the method of Payne & Masters (1969) , 0.1 ml of 4% (w/v) fructose solution and 300 units of penicillin. Incubations were done in air in a Grant shaking water bath (120 strokes/min) for periods of 2min, 15min, 30min, 1 h and 2h.
Lipid extraction. At the end of each incubation period l9vol. of chloroform-methanol (2:1, v/v) was added to the flasks, and the lipids were extracted and washed by the procedure of Folch et al. (1957) . Extracting solvent was removed by rotary film evaporation and the residue was dried in vacuo over P205. Dried samples were stored in chloroformmethanol (5:1, v/v) at --40C.
Where spermatozoal and seminal plasma lipids were examined separately, the two components of semen were separated by centrifugation at 450g for 20min. The cells were washed several times with ice-cold 0.9% (w/v) NaCl and the washings were combined with the plasma fraction. Lipids were then extracted from the separated components as above.
Lipid fractionation. Neutral lipids were separated by t.l.c. on 250,um thick layers of silica gel G that had been activated at 110°C for 30min. Hexane-diethyl ether-acetic acid (80:20:1, by vol.) was used as developing solvent.
Phospholipids were separated by two-dimensional t.l.c. on 500,um layers of silica gel HR (20cm x 20cm plates) activated at 10°C for 1 h, by using a modification of the method of Owens (1965) . Plates were developed in chloroform-methanol-water-acetic acid (65:43:3:1, by vol.) in the first dimension to within 4cm of the top of the plate. Solvent was removed under a stream of dry N2, and the plates were developed completely in the same dimension by using hexane-diethyl ether-acetic acid (80:20:1, by vol.) in order to remove neutral lipid to the top of each plate. Solvent was again removed under dry N2 and the lipid track was exposed to HC1 fumes to hydrolyse plasmalogens as described by Viswanathan et al. (1968) . Excess of HCI was removed by exposing the plates to a stream of dry N2 for 1 h. The plates were then developed in the second dimension by using chloroform-methanol-water (60:35:8, by vol.) as developing solvent.
Radioactivities. Thin-layer plates were exposed to X-ray film (Kodirex No-screen, Kodak Aust. Pty. Ltd.). After development, areas of activity were identified and the silica gel containing the labelled lipids was scraped into vials containing 4ml of scintillator fluid [0.4% 2,5-diphenyloxazole, 0.01 % 1,4-bis-(5-phenyloxazol-2-yl)benzene in toluene]. Radioactivity was measured by using a NuclearChicago liquid-scintillation counter, the counting efficiency being measured by use of an external standard. Samples ofthe total activities incubated and extracted were counted under similar conditions.
The identity of the various labelled lipid components was established from the comparative behaviour of standard phospholipids under various chromatographic conditions. Phosphorus analyses. Lipid extracts from washed bovine spermatozoa, containing up to 25,g of P, were separated by the two-dimensional t.l.c. procedure described previously. After development, plates were sprayed with 75 % (v/v) H2SO4 and were heated at 180°C for 30min. Charred areas were scraped into boiling tubes and P was determined by a modification of the method of Marinetti (1962) , by using a mixture of 70% (w/v) perchloric acid and concentrated H2SO4 (1.2ml) as ashing mixture, with appropriate dilution before colour development to maintain a suitable acid concentration. The P content was calculated from standards that showed a linear relationship between extinction and concentration over the range of 0-10,ug of P/digest. The percentage of P in each component was calculated on the basis of total P recovered. In this modification of the method of Marinetti (1962) , a minor decrease in sensitivity was compensated for by the absence of erroneous results caused by inadvertent losses of ashing mixture during digestion in the presence of silica gel (cf. Owens, 1965) .
Total P in acid digests of whole lipid extracts was determined by a modification of the method of Briggs (1922) . Total phospholipid was calculated by the equation: P x 25.8 e phospholipid (Spector, 1956) .
Fatty acids and aldehydes of spermatozoal lipids. Neutral lipids and total phospholipids were separated by t.l.c. on silica gel G (250,um) by using hexanediethyl ether-acetic acid (80:20:1, by vol.). Individual phospholipids were separated on silica gel G (500,um) by using chloroform-methanol-water (65:25:4, by vol.). Components were detected by spraying the plates with Rhodamine 6G (0.05% in ethanol) and viewing under u.v. light. Bands of silica gel containing the separated lipids were treated by the procedure of Metcalfe et al. (1966) and the fatty acid methyl esters were dried over anhydrous Na2SO4 and stored in hexane at 4°C. Where lipids contained plasmalogenic aldehydes, the acids and aldehydes were separated by saponification as described by Payne & Masters (1970) followed by methylation of the separated components.
The resultant methyl esters and dimethyl acetals were analysed by g.l.c. at 190°C with 17% (w/w) diethylene glycol succinate and 20% (w/w) silicone SE30 as stationary phases on Gas Chrom Q 80-100 mesh (Applied Science Laboratories). Calculation was based on the relative peak area (James, 1960) and peaks were identified by comparison of the retention times with pure standards or with published values . Considerable care was taken in preparing and handling the dimethyl acetals, and all-glass chromatographic system was used to prevent any anomalous breakdown. Diglyceride concentrations were calculated from gas-chromatographic analyses of their fatty acid methyl esters by using methyl margarate as an internal standard.
Results

Generalfatty acid incorporation
More than 95 % of the radioactive label that was added initially was recovered in lipid extracts with incubation periods ofup to 2h. That small amounts of 1972 added fatty acid were oxidized was suggested by the slight decline in recovery of the initial radioactivity with time. Spermatozoa and seminal plasma were separated after 2h of incubation, and the amount of label in each fraction was measured (Table 1 ). The label in the seminal plasma at this time was predominantly in free fatty acid with trace incorporation into other lipids. As the pattern of this incorporation was similar to that of the spermatozoal lipids, these minor concentrations were interpreted as resulting from contamination of the plasma with a few cells. All fatty acids except stearic acid were actively incorporated into spermatozoa; of those studied palmitic acid was utilized to the greatest extent.
Within lipid extracts, cholesteryl esters and triglycerides contained no demonstrable radioactivity. (Scott & Dawson, 1968 Table 2 . Incorporation ofmyristic acid into the lipids ofbovine spermatozoa Semen (1 ml) was incubated in air at 32°C for various time-intervals with 1 ml of Krebs-Ringer phosphate buffer (pH7.4) containing 3 % (w/v) bovine serum albumin, 0.1 ml of 4% (w/v) fructose, 0.1 ml (0.5, uCi) concentrations of 13.7 and 14.3rnmol of glycerol/109 spermatozoa. The diglyceride fractions showed comparatively high incorporation of substrates with marked radioactivity being evident within 2min of the commencement of incubation, particularly in the 1,3-diglycerides. Compared with the 1,2-diglycerides, this component showed a high specificity for saturated substrates, particularly palmitic and myristic acids. This factor, together with the differences in the rates of incorporation of individual fatty acids into each Vol. 127 diglyceride fraction, suggests that there are major differences in their metabolism within spermatozoa. It was notable that, in general, whereas fatty acid incorporation in diglycerides increased with time, maximum uptake of myristic acid into 1,2-diglycerides was observed after 1 h. Associated with this was the fact that, on the basis of the specific radioactivity results, both diglycerides utilized myristic acid to the greatest extent. As these lipids contained very high proportions of myristic acid (Table 7) , this 
Incorporation into phospholipids
The comparatively low radioactivity of the total phospholipids was a reflection of the large pool of relatively inert plasmalogenic phospholipids in 1972 18:2, n-6 18:3, n-3 20:3, n-6 20:4, n-6 22:5, n-6 22:6, n-3 Phosphatidylethanolamine and the cardiolipin and phosphatidic acid fractions showed minor activity with all substrates except stearic and linoleic acids. Whereas inital incorporation of these acids into both components was relatively active, subsequent incubations showed considerable variability in uptake. It would appear that the conditions of incubation may greatly influence the metabolism ofthese components, as other workers have reported greater radioactivity in phosphatidylethanolamine (Mills & Scott, 1968; Payne & Masters, 1970) , and, in the present study, if conditions were changed to form a more dilute medium with buffer, there was an apparent increase in the radioactivity of phosphatidylethanolamine.
The most notable aspect of phospholipid metabolism in sperm was the very active incorporation of all fatty acids into phosphatidylinositol. After 2min, fatty acid uptake exceeded that into the 1,2-diglyceride fraction and myristic acid incorporation was comparable with that into the 1,3-diglycerides. This acid was maximally incorporated into phosphatidylinositol after 15min, whereas with oleic acid, after an initial peak of activity at this time, further incorporation was observed after 2h. More stearic acid was incorporated into phosphatidylinositol than into any of the other lipid fractions, with an increased amount of incorporation at all incubation periods. With palmitic and linoleic acids, maximum incorporation into phosphatidylinositol was established after 1 h.
Marked but variable radioactivity was incorporated into phosphatidylserine with an apparent delay in the metabolism of this minor phospholipid with all substrates except oleic acid.
As with the diglyceride fractions, the active utilization of unsaturated acids by individual phospholipids suggested that metabolic activity may not be directly related to their overall fatty acid composition, in this case.
Fatty acids ofsperm lipids
The percentage composition of fatty acids present in various lipid classes of bovine spermatozoa is presented in Table 7 . Acids of shorter chain length than 14 carbon atoms, and the 14 carbon and 16 carbon monoenes were not determined.
The high amounts ofmyristic acid in the diglyceride fractions are similar to those already reported for these lipids in bovine spermatozoa (Payne & Masters, 1970) . Oleic acid was present in high proportions in the 1,2-diglycerides, but long-chain polyunsaturated fatty acids were found in trace amounts only in the 1,2-diglycerides.
Myristic acid also occurred in significant proportions in the phospholipids, being one of the major components of the phosphatidylinositol fraction.
Palmitic acid was the major fatty acid of this phospholipid, and the major saturated fatty acid of other phosphoglycerides.
The most prominent feature of the results is the very high proportion of docosahexaenoic acid in the phospholipids. The percentage of this acid in the choline phosphoglycerides suggested that the choline plasmalogen fraction contained this acid almost exclusively; because there was not sufficient material it was not possible to separate the choline and ethanolamine phosphoglycerides into their respective diacyl and alkenyl acyl components for fatty acids analysis.
Arachidonic acid was the second major component of ethanolamine phosphoglycerides, the amount found in the present investigation being about twice that reported by Pursel & Graham (1967) who also reported higher amounts of linoleic acid in this phospholipid in bovine spermatozoa. The amount of linoleic acid was low in all phospholipids except cardiolipin. The high concentrations of oleic and linoleic acid in cardiolipin were similar to those found in this phospholipid in most tissues, suggesting a common functional role for this mitochondrial lipid.
Plasmalogenic aldehydes in spermatozoa
Analyses of plasmalogenic aldehydes as their dimethyl acetals showed that palmitaldehyde was the major aldehyde of both choline and ethanolamine plasmalogens, accounting for 85 to 90 % of the aldehydes in each fraction. Stearaldehyde and myristaldehyde were present in about equal proportions. The wide range of aldehyde components noted by Gray (1960) for ram spermatozoa, and Payne & Masters (1970) for bovine spermatozoa, were not found, and we did not find the relatively high amount of myristaldehyde reported by Pursel & Graham (1967) .
Phospholipid composition ofspermatozoa
Ejaculated spermatozoa from two bulls were analysed for their phospholipid content. Some differences were noted between these analyses and the reported range of concentrations for bovine spermatozoal phospholipids (Table 8 ). The phosphatidylcholine and phosphatidylethanolamine contents fell below the reported values whereas the concentrations of choline plasmalogen and sphingomyelin exceeded those previously found. The diacyl and alkenyl acyl phosphoglyceride concentrations in bovine spermatozoa reported by Pursel & Graham (1967) , however, were calculated on the basis of the phenylhydrazine method for estimation of plasmalogens, which does not yield results consistent with calculations based on the ratio of aldehydes to fatty acids derived from phospholipids. 
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Discussion
In these results, the variability and high specific radioactivities that are features of the incorporation of long-chain fatty acids into phosphatidylinositol contrast markedly with the general incorporation of fatty acids into the major lipids of bovine spermatozoa, and appear to signify a distinct metabolic role forthisminorphospholipid. Therapid labelling of phosphatidylinositol in sperm is reminiscent of the induced metabolism of acidic phospholipids that has been reported for other tissues, and which has resulted in considerable speculation about the metabolic significance of this phenomenon in relation to hormonal mechanisms, membrane contraction and transport (Hokin & Hokin, 1958 Karnovsky & Wallach, 1961 ; Vignais et al., 1964; Scott et al., 1968a,b) . Although the relevance of such metabolic activity in sperm remains to be firmly established, an observation of the decreased radioactivity of phosphatidylinositol in a system of decreased motility and coincident with an increase in the radioactivity of other phospholipids appears to denote a possible association between this component and the mechanisms involved in sperm motility (A. R. Neill, unpublished work) .
In addition, the present results allow comment on the pathways of lipid metabolism in spermatozoa. The rapid labelling of the 1,2-diglyceride fraction, for example, suggests a relationship between a metabolic pool of this component and phosphatidylinositol. The enzymic degradation of phosphatidylinositol to D-c,fl-diglyceride and inositol 1-phosphate has been demonstrated in several systems (Dawson, 1959; Kemp et al., 1961; Atherton et al., 1966) and the formation of inositol phosphate from phosphatidylinositol by washed ram spermatozoa indicates that a phosphoinositide inositol-phosphohydrolyase is also
Vol. 127 present in spermatozoa (Scott & Dawson, 1968) . In the present studies, the initial degree of fatty acid incorporation into phosphatidylinositol exceeded that into the 1,2-diglyceride fraction and is indicative of such a metabolic pathway. Further, the relatively high proportion of myristic acid in phosphatidylinositol indicates a common metabolic fatty acid pool for this component and the diglycerides. As suggested by Scott et al. (1968b) for thyroid tissue, these factors may be associated with rapid cytostructural changes in the lipoprotein membrane. At later stages of incubation, incorporation into the 1,2-diglycerides generally exceeded that into phosphatidylinositol, indicating that the bulk of the label entering this neutral lipid fraction may have been incorporated via the normal metabolic pathway involving phosphatidic acid intermediates (Kennedy, 1957; Payne & Masters, 1970) . The marked radioactivity in 1,3-diglycerides implies that the pathway of acylation of monoglycerides (Clark & Hubscher, 1961 ) also plays an active role in fatty acid incorporation in spermatozoa, but differences in the rates of incorporation of label into 1,3-and 1,2-diglycerides suggest differences in metabolism in relation to the positional acylation of monoglycerides.
Although Turner & Korsh (1962) have shown minor labelling of the glycerol moiety of choline phosphoglycerides from bull sperm after incubation with 14C-labelled glycerol and glucose, Dawson (1958) found that [32P]P, was not incorporated into the phospholipids of ram sperm, in vitro. Consequently, it would appear that sperm phospholipid synthesis via the Kennedy pathway (Kennedy, 1957) may not be very active in the presence of glycolysable substrates; and the present results suggest that fatty acids may be incorporated into sperm phospholipids predominantly by means of acyl-CoA phospholipid transferase reactions (Lands & Merkel, 1963) . On this basis, the observed incorporation of fatty acids into phosphatidylethanolamine warrants some comment.
Phospholipase A, present in both spermatozoa and seminal plasma, has been shown to have a high degree of specificity for exogenous ethanolamine phosphoglycerides in semen, there being considerable variability in its activity, largely dependent on the seminal plasma components (Scott & Dawson, 1968) . Phosphatidylinositol is also actively degraded, but the enzyme has little activity towards choline phosphoglycerides. Although endogenous phospholipids mainly appear to be shielded from such enzyme activity, the variability in turnover of phosphatidylethanolamine under slightly altered conditions of incubation, and the differing metabolic activities previously observed with this phospholipid (Mills & Scott, 1968; Payne & Masters, 1970) may be explainable in terms of phospholipase activity. The irregular metabolism of phosphatidylethanolamine may be indicative of the competitive behaviour of phospholipases and acyl transferases towards a metabolic pool of endogenous ethanolamine phosphoglycerides; the relative incorporation offatty acids reflecting the specificities ofthe enzymes involved.
Although such an argument supports the observed higher turnover of choline phosphoglycerides compared with ethanolamine phosphoglycerides, it is not consistent with the active incorporation of fatty acids into phosphatidylinositol. In view of the apparent metabolic importance of this phospholipid in ejaculated spermatozoa, however, it may be subject to protection from phospholipase activity, although the observed decrease in phosphatidylinositol content in ram spermatozoa as they move through the epididymis has been attributed to the action of phospholipase (Scott et al., 1967; Scott & Dawson, 1968) .
The exceptionally large amounts of docosahexaenoic acid found in the phospholipids of bovine spermatozoa are also notable, as they appear to be higher than the previously reported values in any mammalian tissue. The proportions of (n-6) and (n -3) acids present in ejaculated spermatozoa contrast markedly with the relative proportions of these acids present in reproductive tissues. Derivatives of linoleic acid are the major components of bovine and porcine testis and also rat testis (Davis et al., 1966) . As germ cells account for a major proportion of the volume of testis (Roosen-Runge, 1956 ), their lipid composition could be expected to be reflected in the lipid pattern of the whole organ, as has been shown in the rat (Davis et al., 1966) . Holman have suggested that the very large amounts of (n-6) acids in testicular tissue indicates the functional importance of these compounds in reproductive processes, whereas (n-3) acids, known to have less biological activity than (n-6) acids (Aaes-J0rgensen, 1961), probably do not play a large role in the lipids of this tissue. The rationale of the present situation, then, may lie in the observed large decrease in phospholipid composition of spermatozoa as they pass through the epididymis (Scott et al., 1967) , the components containing the biologically active (n-6) acids being utilized during this maturation process, while those containing (n-3) acids serve to maintain the integrity of ejaculated spermatozoa. Indeed, the high proportion of choline phosphoglycerides in spermatozoa exhibiting low metabolic activity, points to the relative stability of a major pool of bovine spermatozoal lipids, which may well be related to the high proportion of docosahexaenoic acid present. However, the relatively small pool of (n-6) acids in ejaculated spermatozoa would appear to have some metabolic significance as shown by the degree incorporation of linoleic acid in this cell type.
